2 century ceramics from the Alcazar Palace 1 have recently been explored using shards found during archaeological excavations. In the 16 th century, after 1492, the year that Granada was defeated by the Catholic Monarchs and that Columbus made his journey, Seville became one of the largest cities of the Renaissance because of the trade monopoly with America. Tiles with colored glazes displaying geometric designs inspired by the arabesque were produced in large quantities. They were made using the arista (ridge tiles) and the cuerda seca (dry cord)
techniques. 2, 3 Both have borderlines to avoid the mixing of different glaze colors during firing. In the arista technique, the green body is stamped to raise ridges separating the zones to be glazed. These techniques produce tiles with transparent glazes that are not flat.
Conversely, the innovation that appeared in Italy with majolica style makes it possible to "paint" directly on ceramics covered with white opaque glazes. In 1557, Piccolpasso published his treatise on the potter's art that describes the preparation techniques for colored glazes; 4, 5 all the aspects of majolica fabrication have been discussed by Tite, who confirms Piccolpasso's description thanks to microstructural and chemical observations. 6 Very briefly, water suspensions with the ingredients for white glazes (Pb-Sn silicates) were applied to ceramic bodies (fired around 1000°C). The decorations were then hand-painted by the artists and then fired around 900°C. Sometimes, a thin transparent Pb glaze (coperta) was deposited to achieve a glossy surface. Glazes may therefore include up to three layers . 6, 7 The art of majolica ceramics was developed during the years 1480-1530, reaching maturity in the second half of the 16 th century with a large production of decorated objects (dishes, ewers, etc.) and tiles. 8 The 16 th century in Seville corresponds to an exceptional moment in the evolution of ceramics with the birth of the majolica style around 1500, followed by a gap in this production after 1528 until 1578. The Alcazar Palace offers a great opportunity to follow this evolution thanks to the transformations of the building made at this time by the Catholic Monarchs. They commissioned Niculoso Pisano to make two majolica tile Altarpieces in the Palace: 9, 10 one, made in 1504 and described in detail by Pleguezuelo, 11 still exists in the oratory of the Royal apartments ( fig. 1 ) whereas the other one is nowadays missing. Niculoso
Pisano is known as the artist who brought the majolica skill in Seville. Pisano's first documented work in Seville is a tomb in the church of Santa Ana (1503) and his last works date to 1526. [9] [10] [11] [12] The disappearance of the art of majolica ceramics in Seville, after Pisano's death, is attested in the 1561 contract between Frans Andries from Antwerp and Roque
Hernandez from Triana. The role of Andries was to teach Roque the art of painting on 3 ceramics. 13, 14 . This corresponded to the re-birth of majolica in Seville, the most important artist being Cristobal de Augusta who married Roque's daughter in 1569. He signed various majolica tile-works in Seville, including the continuous tile high dado in the Palacio Gotico (1578) 10 3). This pavilion is a former Arabic building transformed between 1543 and 1546. 10, 16 The architecture and the conservation state of the pavilion have been recently studied in detail. 15 A similar architectural treatment was applied to the Casa de Pilatos, an aristocratic Palace built in Seville also in the middle of the 16 th century.
2,3
The objective of this investigation is to bring to light the changes in ceramic technology that took place in the Renaissance by means of analyses of 16 th century majolica and arista tiles in the Alcazar Palace. Beyond visual aspects, chemical and mineralogical compositions as well as microstructures are necessary to characterize the production technology of the tiles. As is required for precious works of art, non-invasive portable means of analysis were chosen: portable X-ray fluorescence (XRF), 17 providing the elemental concentrations of the colored glazes and X-ray diffraction (XRD) to determine the crystalline phases. 18, 19 Portable XRF developed in the past 20 years to perform in situ analyses of valuable art works, has been already applied to ceramics but mostly used for qualitative or semi-quantitative analysis. 20, 21 XRF has been complemented with the study of a few micro-samples taken from tiles that provide in-depth information of the microstructure.
There are two challenges in the work; first, the variety of hues in the painted majolica glazes, associated with spatial variations of the glaze compositions, and, second, the huge area of the tile surfaces (about 400 m² in the Palacio Gotico and 180 m² in the Cenador de Carlos (2) In situ analytical methods
Experimental set-up
In-situ XRF and XRD measurements have been performed using two portable in-house developed systems already used in the Alcazar for wall paintings . 22 One system was designed to perform simultaneously XRD and XRF; it is equipped with an air-cooled iMOXS source (IFG-GmbH, Berlin) operated at 28 W power and 40 kV high voltage, with a copper anode and a poly-capillary semi-lens that provides a parallel beam. 18, 19, 23 XRD (Cu-Kα, λ = 0.154 nm) has geometrical constraints, in particular an incident beam at 10° from the object surface.
With adequate slits, the surface irradiated by X-rays is about 3 x 4mm². A 2-D detection of XRD is provided by an imaging plate perpendicular to the incident beam. XRF is measured with a silicon drift detector (SDD; resolution 150eV FWHM at 5.9keV) perpendicular to the object.
The other portable XRF is the latest version of an instrument developed and used over the past 10-20 years. 17, 23 . The X-ray source is a Moxtek (Orem, USA) Pd-anode tube developing 3W power at 30kV high voltage. The Pd-XRF beam (diameter about 1 mm) strikes the surface of the object at 45° and the SDD (resolution 136 eV FWHM at 5.9 keV) is perpendicular to the surface.
Because the Pd-XRF instrument is small, 17 it is easier to operate than the XRF-XRD; 18, 19 therefore, only the Pd-XRF was used in the Royal oratory ( fig. 1 (Table   S7 ).
Data treatment
Quantitative data treatment was performed on the XRF measurements (from both pieces of equipment): the chemical compositions of the glazes have been calculated from spectra using the PyMca software with the fundamental parameters method. 17, 23, 24 A 16 th century piece of ceramics (DR1) has been used to adjust the experimental parameters for the calculation of elemental concentrations from both Pd-XRF and XRF-XRD spectra. 17 The DR1 structure and composition (blue Pb silicate glaze) being close to that of the ceramics in the Alcazar, corrections have been applied for a few elements (see supplementary information). The concentrations calculated with this method are not normalized to 100 wt% as they refer to DR1 concentrations and, then, do not depend on the accuracy of the values for light elements.
The two XRF systems gave similar concentrations. The relative errors were smaller than 10 wt% on the BGIRA3 standard glass. 23 However, the Pd-XRF gives better data than the XRF-XRD due to several reasons: (1) the 10° incidence angle means that the X-ray penetration is 6 times smaller for the XRF-XRD than for the Pd-XRF; (2) quantitative Cu analysis is not accurate with the XRF-XRD because of the Cu source peak (fig. S1); (3) the XRF-XRD has about 2 cm air between the SDD and the object; the XRF lines were too weak to obtain data for light elements above Si in the periodic table ( fig. S1 ).
PyMca takes into account the differences of X-ray absorption depending on the considered To check for the homogeneity of the glazes, it is useful to complement the data from XRF non-destructive investigations with in-depth observations. For that purpose, a few microsamples were taken from the Cenador de Carlos Quinto, the Palacio Gotico and the Jardin de las Flores. Cross-sections of the glazes were prepared. Optical microscopy (OM) and SEM-EDX analyses were carried out with the laboratory equipment used in previous investigations. 1, 22 No quantitative analysis has been carried out by SEM-EDX. It is to be noted that the average concentrations for Pb-L are very close to those for Pb-M, suggesting that the Pb silicate matrix is homogeneous throughout the glaze. Conversely, a different conclusion can be drawn for SnO 2 that is at concentrations about 5 times lower near the surface (Sn-L) than at some depth in the glaze (Sn-K). A similar conclusion holds for Sb in yellow glazes. It is worth mentioning that these conclusions rely on the quality of the PyMca de-convolution for three lines (Ca-K, Sn-L and Sb-L) which has been checked for 7 wt% CaO and 13 wt% SnO 2 in a soda-lime glass. 23 Therefore, the glazes seem to include several layers of about the same Pb contents, the top layer containing less Sn and Sb than the in-depth layers. corresponds to an impurity level, and it is often higher for green glazes. This could be due to Cu raw materials (brass) or to the presence, underneath the green, of a Zn-rich yellow glaze.
III. Results
There is no chemical indication that the green was obtained by mixing Co-blue and Pbantimonate yellow (Table 1) .
Blue is present as lines corresponding to the painter's creation, and also as a blue glaze ( fig.   1 ). In the first case, it corresponds to thin layers of color deposited with a brush on top of the white glaze, in contrast to 100-200 µm thick blue glazes. The variable intensity of the blue may be due to fluctuations in layer thicknesses or in CoO concentrations (0. White glaze is relatively rare in the Palacio Gotico. We have performed only one measurement on the cheek of Carlos Quinto ( fig. 2b ). The composition is consistent with most observations for coeval ceramics, but Sn-L and Pb-M values suggest higher concentrations at the surface. The white glaze could be an over-glaze "painting" on a grayish
zone. An alternative is that the grayish color is due to alteration which may, indeed, induce the formation of Pb-enriched surfaces. 1 No Sb is expected in a white glaze; the small concentration (Table 2 ) may be due to the proximity of yellow glaze, or to inaccurate calculations. A cross-section from the small room shows an 80-100 µm thick opaque glaze with bubbles (diameter < 30 µm), small SnO 2 (cassiterite) particles and large particles (mainly quartz, and probably feldspars). The SEM-EDX spectrum is dominated by Si with Pb, Sn and other elements as expected for white color.
XRF for yellow glazes has been measured five times in the large room and twice in the small room. The results show differences between the chemistries in the small and the large rooms.
The amounts of Sb are about the same for yellow and orange in both rooms (6-7 wt%) but the small room has 7 wt% SnO 2 , three times the value of that found in the large room (Table 2) .
Only the yellow glaze in the large room contains a high level of Zn (average 6 wt%; data from 4 wt% to 9 wt%).
Here again, it is interesting to compare Sn-K, Sb-K and Pb-L lines, typically coming from 100-150 µm thick layers, to the low energy ones, i.e. Sn-L, Sb-L and Pb-M lines, which come from the surface (a layer 5-10 µm thick). For all the yellow as well as the orange glazes in the small room, there is a gradient of two of the three elements (Sn, Pb, Sb; Table 2 ) suggesting the presence of two layer glazes. 9 Two yellow samples have been taken in each room. Cross-section OM shows that, for the large room ( Fig. 2a) , there is a thin yellow layer (about 10 µm) on top of a 110 -180 µm white layer (Fig. S5 ). This is consistent with the Sb concentration gradient (25 wt% Sb 2 O 5 for L-line and 8 wt% for K-line; Table 2 ). In the small room, one sample presents the same microstructure and the other sample has two layers of comparable thicknesses (total of 100 µm), the latter being compatible with the absence of a significant gradient for Sb in XRF (Table 2 ). These differences may be due to irregularity in the glaze processing. SEM-EDX spectra on particles in yellow layers suggest that they are Pb-antimonate with Sn, Fe and Zn. S1 ). Green and yellow glazes have in common the presence of Sb and Sn ( Table S7 ). Whenever different concentrations are obtained from two XRF lines having low and high energies (Pb, Sn, Sb), we can conclude that the analyzed matter includes several layers.
Finally, the presence of particles (quartz, Pb-antimonate, etc.) in the analyzed layers induces an error on glaze concentration values.
(2) Ceramic technology
The Alcazar Palace is more than 1000 years old. 28 Zn has been detected in the tiles analyzed by Gomez et al. 12 using XRF (3.5 wt% ZnO) and SEM-EDX (3-4 wt% ZnO).
In 
V. Conclusions
Portable XRF analysis is fast and allowed us to study 16 th century tiles from the walls (about 600 m²) of the Alcazar Palace in Seville when only a few micro-samples could be analyzed by optical and electron microscopies which has, however, the advantage of examining crosssections. Two portable XRF systems have been used that could allow to obtain quantitative results thanks to a careful data treatment. 16 The arista tiles are traditional ceramics from the Iberian Peninsula with their typical chemistry and microstructure (transparent glazes, Fe yellow). They seem to be single fired. Relations to Italian production are obvious.
More studies would be useful including improved non-destructive analysis on glazes and bodies (XRF of light elements -Na, Al, etc. -thanks to helium between detector and artwork; 17 high resolution SEM and quantitative EDX on cross-sections, etc.). Finally, historical information on the organization of 16 th century mass production of the tiles in Seville would be profitable.
Fig 1:
Majolica Altarpiece, made by Niculoso Pisano, located in the oratory of the Royal apartments. The Altarpiece is about 4 m high. The work is signed "NICULOSO FRANCISCO ITALIANO ME FECIT, 1504" 11, 14 Most of the XRF has been performed on the Annunciation (center of lower part) and the Visitation (main scene of upper part). A few points have been analyzed on the left pillar, side and front (coat of arms). The tile studied by Gomez et al. 12 corresponds to the lowest extreme right and left panels. . 24 It has been used a few times for the study of ceramic glazes. 12, 17, 23 The PyMca parameters have been refined analyzing a 16 th century piece of ceramics for the calculation of element concentrations from both XRF-XRD and Pd-XRF spectra. The DR1
XRF spectra have been collected various times, in particular after each displacement of the systems from one room to another in the Alcazar.
DR1 composition had been previously determined by PIXE in an ion accelerator 17, 23 and by (table S1) ; DR1 is a good secondary standard ( fig. S2 ). The concentrations were calculated with the PyMca fundamental parameter method under the assumption of homogeneous glazes as in DR1 17 as well as in other Della Robbia ceramics. 6, 17 The concentration values are not normalized to 100 wt% as for PIXE and SEM-EDX. The PyMca concentrations are absolute in the frame of DR1 values (table S1 ) and, then, do not depend on the accuracy of the values for light elements. Table S1 : Composition of DR1 (Della Robbia blue glaze) as measured by PIXE on the surface and by SEM on a cross-section sample. The glaze is homogeneous through its 100µm thickness. Examples of values calculated with PyMca from spectra with XRF-XRD (DR1_08) and Pd-XRF (DR1_Pd). Measurements have been performed on tiles in the Alcazar Palace that are on vertical 24 surfaces, perpendicular to the floor. The reproducibility of the data is related to the position accuracy of the systems that is achieved by controlling distance and angle between the XRF apparatus and the tiles. The distance is determined by the superposition of two laser spots. 17, 19 The accuracy on the object XRF-detector distance is equivalent for both systems (0.2 -0.3 mm error for 10-25 mm distances). The angle is estimated by the operator. However, consequences on the XRF spectra strongly depend on the geometry which differs between Pd-XRF and XRF-XRD. For the Pd-XRF, the XRF-detector is perpendicular to the tile surface that is irradiated by a beam at 45°; only large offsets from these angles can alter the XRF spectra. For the XRF-XRD system, the beam is at 10° from the surface; then, an error on the object XRF-detector distance induces a strong displacement of the X-ray spot away from the XRF-detector axis, with consequences on spectra especially at low energies (less than 3 keV) because of X-ray absorption in air and in the plastic collimator (mechanical protection of the detector window). This is also true in case of error on the beam-surface angle, especially for values less than 10°. Such angular error is likely to happen with DR1 that is small ( fig. S2) compared to the XRF-XRD apparatus. 18, 19 An angular error does not happen in front of the tiles because the frame of the system (cuboid of more than 50 cm sizes) is easily placed parallel to the wall. 19 We have observed such dispersions on low energy DR1 spectra (see below) that are barely discernible for measurements on wall tiles ( fig. S1 ).
SEM-EDX (unpublished). The results are in good agreement
The whole procedure of PyMca parameter definition has been presented by de Viguerie.
23
The X-ray sources have been defined thanks to direct measurements and then by optimization on standards. For Pd-XRF, the object XRF-detector distance was 17 mm in air and the X-ray flux was 2. is between Cu-Kα and Cu-Kβ (8.9 keV); its concentration is found to be 0.3wt% ZnO in the green glaze. 
II. XRD in the Palacio Gotico
XRD is necessary to complement XRF and identify the various crystalline phases in artworks. 18, 19 Glazes are amorphous and may contain crystalline particles. XRD has been performed in the Palacio Gotico (five in the small room and seven (six) in the large room).
In a white glaze ( fig. 2b) , there is about 4 wt% SnO 2 . XRD diagrams are dominated by quartz and cassiterite as expected for a white color. Quartz comes from un-fused raw materials.
Yellow, orange and green glazes contain Sn and Sb with about 7 wt% SnO 2 in the small room ( fig. 2c ) and 3 wt% SnO 2 in the large room ( fig. 2a and b) Crystalline Pb-silicates are easily formed below 700°C in the Pb-SiO 2 system (Schevchenko M, Jak E, 2018). In the blue tiles, it must be due to misfired glazes maintained during a long time between 600 and 700°C.
The last color is purple with cassiterite and bixbyite (Mn 2 O 3 ) found in the large room and only cassiterite in the small room.
There are substantial differences in the tile manufacture between the small room (cristobalite) and the large room (bixbyite) although the glaze colors are similar. Cristobalite is a high fig S4 : XRD diagrams for three glazes in the small room; glaze colors from bottom to top are respectively dark green, yellow and orange. The XRD peaks C stands for cristobalite, Sn for cassiterite and P for Pb 2 SnSbO 6.5 . Amorphous phase creates the "bump" between 2θ = 20° and 35°. 29 
III. Detailed XRF results for the Altarpiece by Pisano
Chemical concentrations in % oxide mass 
IV. Comparison Pd-XRF -XRF/XRD in the Cenador de Carlos Quinto
The two XRF systems have been compared on standard glasses and on an ancient yellow glaze also analyzed by PIXE. 23 Here, Pd-XRF and XRF-XRD have been used in different zones, Pd-XRF having been used mostly for tiles covering the exterior of the building. The concentration values (Table S7 ) from the two XRF systems are consistent. Compositions are similar except for Sn. It must be noted that XRF was not performed on the same points with the two systems. Pd-XRF was used once for the three glazes with Sn (table S7) ; two to four measurements were performed with XRF-XRD. The discrepancies appear mostly for Sn-L values; they can be explained by various factors: chemistry variations from point to point due to irregular glaze surface compositions from fabrication or from weathering (outside vs inside tiles); instrumental differences, XRF-XRD measuring for Sn-L layer thicknesses six times smaller than Pd-XRF. Concentrations in the 6.5 -11 wt% range (Sn-K) are likely and give the white color due to opaque glazes. 
